The human estrogen receptor a (ERa) gene is driven by multiple promoters, of which the F promoter alone is found to be active in primary osteoblasts. The study was aimed at identifying new regulatory pathways affecting transcription of the receptor in this cell lineage. We generated human osteoblast-like cells, Saos-2, stably transfected with a luciferase-reporter gene downstream of the human ERa F promoter (Saos F-Luc), and assayed the reporter response to differentiation-related signals. Over-confluence, shown to stimulate osteoblast differentiation, caused a time-dependent increase of F-promoter activity and correlated with an inactivation of protein kinase C a (PKCa). PKC downregulation, obtained by long-term treatment with phorbol 12-myristate 13-acetate (PMA), resulted in promoter stimulation at similar levels in sub-confluent cells. The F promoter contains a putative PMA-responsive AP-1 site, but AP-1 activation was unremarkable in overconfluent cells. Treatment with PP1, a specific inhibitor of the non-receptor tyrosine-kinase c-Src, which is a negative regulator of osteoblast differentiation, showed that the activity of this kinase inhibits the F promoter. In PP1-treated cells, Fpromoter activity was not further increased by PMA. Treatment with the generic kinase inhibitor 4-dimethylaminopyridine (DMAP) resulted in a dose-dependent induction of the promoter, which matched a parallel decrease of active c-Src. The effect was c-Src dependent, as DMAP caused no further promoter induction in PP1-treated cells. Overexpression of exogenous human ERa resulted in modest promoter stimulation, which required the ligand-independent activator function 1 of the receptor. In murine primary osteoblasts, additional ERa signal was observed upon induction of F promoter. In conclusion, we demonstrated a robust PKC/c-Src-dependent and estrogen-independent mechanism modulating transcription of ERa in osteoblasts, probably affecting estrogen responsiveness during cell differentiation.
Introduction
Estrogens regulate a variety of tissues, including the bone (Couse & Korach 1999 , Hall et al. 2001 , Heshmati et al. 2002 , Zaman et al. 2006 . Estrogen deficiency leads to accelerated bone loss which is the primary cause of postmenopausal osteoporosis (Heshmati et al. 2002 , Manolagas et al. 2002 . The estrogen receptors (ERs) belong to the nuclear receptor superfamily, acting as ligand-inducible transcription factors (Couse & Korach 1999 , Hall et al. 2001 , Migliaccio & Marino 2003 . Two genetically distinct forms of ERs (ERa and ERb) display non-identical expression profiles (Kuiper et al. 1996 , Mosselman et al. 1996 , Tremblay et al. 1997 , with higher levels of ERa relative to ERb in bone (Arts et al. 1997 , Denger et al. 2001a .
Transcription of the human ERa gene is driven by a rather complex region, comprising at least six core promoters (A-F), with some evidence for the existence of others (e.g. T promoter; Flouriot et al. 1998 , Griffin et al. 1999 , Brand et al. 2002 , Lambertini et al. 2003 . Alternative usage of these promoters results in tissuespecific mRNA heterogeneity (Flouriot et al. 1998 , Griffin et al. 1999 , Brand et al. 2002 , predominantly residing in the 5 0 -untranslated regions (5 0 -UTRs), and arising from differential splicing of small untranslated exons bearing short open reading frames (ORFs). Importantly, differential splicing of the downstream, translated ORFs has also been observed and results in receptor heterogeneity at the protein level. Increasing evidence hints at physiological relevance of this variability in regulating the trans-acting properties of the receptor (Denger et al. 2001a,b) . It is evident that the preferred observed receptor protein isoforms arise from preferential promoter usage, but this is likely to be the case, given the observation, in the human ERa-positive breast cancer cell line MCF-7, of a naturally occurring ERa splice variant originating exclusively from the promoters E and F, despite much higher activity of other ERa promoters in these cells (Flouriot et al. 1998 , Brand et al. 2002 . There is also some evidence that the observed variability in the 5 0 -UTRs could be involved in physiological fine-tuning of the ERa gene at the translation level in certain estrogen target tissues , through a mechanism directly involving the untranslated ORFs and their AUG (uAUG) 'start' codons. 5 0 -UTR-linked differential transcript folding, stability, or interaction with specific factors, are also good candidate mediators for upstream regulation (at a pretranslational level) of ERa expression in the cell (Couse & Korach 1999 , Migliaccio & Marino 2003 .
The F (and, in some osteoblast-derived lineages, also the E) promoter has been described as specifically active in bone cells (Flouriot et al. 1998 , Griffin et al. 1999 , Lambertini et al. 2003 . No transcripts from other promoters have been detected in primary osteoblasts (Denger et al. 2001a ,b, Lambertini et al. 2003 , underscoring the absolute relevance of this promoter in bone physiology. One feature of the ERa F promoter, namely, the presence of an AP-1 site closely upstream of a half estrogen-responsive element ( 1 ⁄ 2 ERE) is shared by a variety of gene promoters (Denger et al. 2001a,b) , well established as downstream targets of protein kinase C (PKC) pathways. In the present study, the involvement of PKCs in ERa F-promoter modulation has been studied in proliferating and resting osteoblast-like cells, in the light of the wellknown involvement of these kinases in osteoblast differentiation (Migliaccio et al. 1993 , Davis et al. 1994 and their influence on AP-1-dependent transcription (Shaulian & Karin 2001) . Furthermore, in view of our previous data pointing to PKC-c-Src interaction in osteoblast differentiation (Longo et al. 2004 ), c-Src relevance for the F promoter was also examined. Downregulation of c-Src activity is a well-established feature of differentiated osteoblasts (Marzìa et al. 2000) , and both over-confluenceinduced differentiation or c-Src inhibition are found to enhance F-promoter activity and increase ERa protein in this work. In more detail, the increase of (a) putative shorter ERa isoform(s) is observed in more differentiated osteoblasts at the mRNA and protein level (consistent with the results of Longo et al. 2004 ), and we hypothesized that lesser c-Src-dependent inhibition on the F promoter could trigger an increased production of (an) alternative ERa isoform(s) during differentiation.
Materials and methods

Materials
Fetal bovine serum (FBS), glutamine, penicillin/streptomycin, and Dulbecco's modified Eagle's medium (DMEM) were purchased from HyClone. Trypsin 250, used for osteoblast isolation, was from Difco Laboratories. Hybond-C extra nitrocellulose membranes and the enhanced chemiluminescence (ECL) kit were from Amersham Bioscience. Mouse-monoclonal antibodies for PKCa and PKCd were purchased from BD Transduction Laboratories. The anti-Fyn and anti-p(Y416)Src antibodies were from Zymed Laboratories and Cell Signaling Technology respectively. PP1 and anti-v-Src antibody were from Calbiochem. The anti-ERa antibodies (MC20 and H184) and the antibodies for Fos family, Jun family, and phosphorylated Jun-family isoforms, were purchased, along with anti-actin and all secondary antibodies, from Santa Cruz Biotechnology. RT-PCR reagents and lipofectamine were from Invitrogen. Brilliant SYBR Green QPCR master mix was purchased from Stratagene. Luciferase assay substrate was from Promega Corporation. All other reagents were of the purest analytical grade from Sigma Aldrich Company.
Cell cultures
Calvarial mouse primary osteoblasts were obtained through a modification of the sequential collagenase/-trypsin digestion method. Briefly, calvaria obtained from 7 to 9-day-old CD1 mice were washed in sterile Hank's balanced salt solution and sequentially digested for 10, 20, and 40 min at 37 8C with gentle agitation in the same medium plus 1 mg/ml type IV collagenase and 0 . 25% trypsin. Cells released in the second and third digestion were collected by mild centrifugation, resuspended in DMEM plus 10% FBS, 4 mM L-glutamine, 5 IU/ml penicillin and 5 mg/ml streptomycin, and plated. All animal experiments were conducted in accordance with the principles and procedures outlined in the NIH 'Guidelines and Care and Use of Experimental Animals' and in the Italian Legislative Decree 116/92.
Soas-2 cells were cultured in the same medium, and both were left to grow at 37 8C in water-saturated, 5% CO 2 -containing atmosphere. At confluence, cells were trypsinized and replated for characterization and experiments.
For serum starvations, FBS was replaced with 0 . 2% BSA. When needed, FBS was replaced with charcoalstripped serum.
Plasmids, transfections, and cell screening Proliferating Saos-2 cells were co-transfected, by means of a standard CaPO 4 technique, with two plasmids: the pcDNA3.1 vector expressing neomycin resistance and Promega basic pGL-2 vectors harboring ERa promoter A, B, or F upstream of in-frame firefly luciferase sequence. After transfection, the cells were cultured in selection medium containing 400 mg/ml neomycin, fed fresh medium plus the antibiotic (G418) every 3-4 days and kept within a confluence range of 20%. After a few weeks, neomycin-resistant transfectants were isolated and amplified in standard culture conditions.
Transient transfection experiments were performed by standard lipofectamine procedure. The expression vectors for wild-type Runx2, wild-type YAP, and truncated, 'dominant-negative' YAP were a kind gift of Dr Jane Lain (Department of Cell Biology and Cancer Center, University of Massachussets Medical School, Worcester, MA, USA), while the vector for wild-type c-Src was from Upstate Biotechnologies. The 'pHEO' plasmids for the overexpression of full-length human ERa and exon 1-skipped ERa were described previously (Denger et al. 2001b) .
Total cell lysates
The cells from 60 mm dishes were rinsed twice with ice-cold PBS, scraped in 70 ml (sub-confluent cells) or 210 ml (over-confluent cells) of 1! Promega Reporter Lysis Buffer plus phosphatase inhibitors (1 mM sodium orthovanadate and 2 . 5 mM sodium fluoride (pH 7)), and disrupted by snap-freezing in liquid nitrogen. Lysates were then incubated on ice for 15 min with magnetic stirring and centrifuged at 4 8C for 10 min at 25 000 g. Supernatants were stored at K70 8C.
Sub-cellular fractionations
Cells from 150 mm dishes were washed twice in ice-cold PBS, gently scraped in 1 ml same buffer, and collected by mild centrifugation (2000 g) for 3 min at 4 8C. Cell pellets were resuspended in hypotonic homogenization buffer (Hepes (pH 7 . 4), 20 mM; EDTA, 1 mM; EGTA, 1 mM) plus DTT (2 mM) and protease inhibitors (PMSF, 2 mM; aprotinin, 6 mg/ml; leupeptin, 12 mg/ml), thoroughly sonicated on ice (three 20 s pulses at mid-output), incubated on ice for 15 min with magnetic stirring, and ultra-centrifuged (250 000 g for 40 min at 4 8C). Supernatants were collected as soluble fractions and stored at K70 8C. Pellets were resuspended in isovolumes of the same homogenization buffer plus 1% Triton X-100, thoroughly sonicated on ice (three 20 s pulses at midoutput), incubated on ice for 15 min with magnetic stirring, and ultra-centrifuged (250 000 g for 40 min at 4 8C) to pellet Triton-insoluble fractions. Supernatants were collected as membrane fractions and stored at K70 8C. When needed, Triton-insoluble pellets were thoroughly resuspended in denaturing buffer (NaCl, 150 mM; Tris-Cl (pH 8), 50 mM; and SDS, 0 . 1%) and used as 'insoluble' fraction.
Western blotting
Twenty to forty micrograms of the lysates were diluted with the respective lysis buffers up to a volume of 32 ml, mixed with 8 ml reducing 5! loading buffer (Tris-Cl (pH 6 . 8), 313 mM; 10% SDS, 50% glycerol, 0 . 05% bromophenol blue dye, and 25% b-H 2 S-ethanol), subjected to 10% SDS-PAGE, and electrotransferred onto nitrocellulose membranes by standard methods. Membranes were incubated 40 min at room temperature in PBS plus 5% non-fat dry milk and 0 . 05% Tween-20 to block non-specific protein binding, then overnight at 4 8C with primary antibodies, 0 . 5-1 . 5 mg/ml, in PBS plus 1% non-fat dry milk and 0 . 05% Tween-20, followed by three 10-min washings in PBS. Immunocomplexes were evidenced by incubation for 1 . 5 h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies, followed by three 10-min washings in PBS, and subsequent detection with an ECL kit, according to the manufacturer's instructions. When necessary, mild membrane stripping was performed by prolonged washing (5!30 min) with 0 . 1 M glycine (pH 2 . 3).
RT-PCR
Total RNA was extracted using standard Trizol procedure. The two primer pairs for the PCRs amplifying F-promoter-derived murine ERa mRNA have been described previously . Two rounds of PCR were performed, the second of which using the 'nested' primer pair and the entire product of the first PCR as template. Conditions were, 35 cycles: 95 8C! 30 s, 62 8C!30 s, 72 8C!30 s for the first PCR round, and identical conditions, but 53 8C instead of 62 8C, for the 'nested' amplification.
Luciferase assays
Twenty microliters of total cell lysates, obtained as described previously, were assayed for luciferase activity with reconstituted luciferase assay substrate in a Netzschalter 090003 luminometer (GSG Nuclear, Milan, Italy), according to the manufacturer's instructions. The obtained values of relative luciferase units (RLUs) were normalized for protein content of each sample, determined through the Bradford method. Lysates did not exceed a concentration range of 0 . 6-0 . 9 mg/ml.
Alkaline phosphatase assays
Equal cell numbers (Saos-2 or primary osteoblasts) were seeded on 60 mm dishes and allowed to grow up to the desired degree of confluence. Cells were then rinsed in ice-cold PBS and lysed in 100 ml of 0 . 1% SDS. Fifty microliters of each lysate were then used for colorimetric evaluation of alkaline phosphate activity using the Sigma Diagnostics kit no. 104 according to the manufacturer's instructions. The obtained relative intensity units were normalized against total protein content of replicate cultures lysed in homogenization buffer (see above).
Statistical analysis
Data were expressed as meanGS.E.M. of at least three independent experiments and statistically evaluated by one-way ANOVA followed by the Student's t-test.
Differences were considered significant when a P!0 . 05 was computed.
Results
F-promoter, but not A-and B-promoter-driven reporter genes are active in Saos-2 cells
Saos-2 cells are a human osteosarcoma-derived cell line expressing high levels of osteoblast markers, such as bone alkaline phosphatase and very low levels of ERa protein compared with primary osteoblasts. In these cells, ERa mRNA appears to arise exclusively from the F and also (at variance with primary, non-immortalized osteoblasts) E promoters of the gene (Denger et al. 2001b) . In order to ascertain an intrinsic inactivity of other ERa promoters in these osteoblastic cells, we transfected them with reporter genes in which different full-length promoters (w1 kb) of the human gene ( Fig. 1A) drive transcription of the firefly luciferase. A one-tenth molar ratio of a neomycin-resistance-carrying vector was added in all transfections to allow subsequent isolation of stably transfected cell populations.
The transfected cells were then cultured, collected at a stage of active proliferation (i.e., when a 70-90% confluence was reached), and assayed for their basal luciferase activity. Cells carrying the F promoter ( Fig. 1B) reporter showed readily detectable luciferase (Fig. 1B , fourth column). In sharp contrast, no detectable luciferase activity over instrumental baseline was observed in any cells transfected with either A-or B-promoter-driven reporters (Fig. 1B , second and third columns respectively). These two promoters are described as the main and most ubiquitously active contributors to hERa gene transcription in most tissues and/or cell lines so far analyzed except osteoblasts (Flouriot et al. 1998) . PCR analysis amplifying the transduced plasmids demonstrated similar levels of exogenous constructs in all cell populations analyzed (data not shown).
F-promoter activity is upregulated in over-confluent, more differentiated Saos-2 cells Cells of the osteoblast lineage become more differentiated at prolonged over-confluence (Migliaccio et al. containing an alternative transcription start site. Additional core promoters have also been described, both upstream and downstream of the F promoter. Small boxes (Ex 1F-B): short untranslated exons, containing short ORFs. Usage of a given 'X' promoter leads to production of an mRNA in which Ex '1X' is attached (after RNA splicing) to the first translated exon (i.e., Ex 1A in full-length ERa). F-derived mRNA is an exception, for it retains Ex 1E between Ex 1F and the first translated exon. Ex 1A contains the canonical translation start codon (ATG) and is skipped in some splice variants. (B) Equal cell numbers of parental Saos-2 cells (control) and of derived sub-populations containing luciferase reporter genes for the human A, B, or F promoter, as indicated, were seeded on 60 mm dishes and allowed to grow to 80% confluence prior to lysis. Cell lysates were assayed for their luciferase activity (RLU/mg). The graph depicts the results of more than three independent experiments performed in triplicate, expressed as mean valuesGS.E.M. *P!0 . 01.
1998). To investigate whether confluence-induced differentiation correlated with changes of ERa F-promoter activity, time-course experiments were performed in which Saos F-Luc cells were collected at increasing times from plating, from a state of active proliferation (sub-confluent cells) up to over-confluence and cell-cycle inhibition. Two osteoblast markers, namely, the transcription factor Runx2 and the alkaline phosphatase, were evaluated at the mRNA level by real-time RT-PCR to ascertain increased differentiation of over-confluent Saos cell cultures. As a positive control, a parallel evaluation was performed also on primary osteoblasts cultured in the same conditions, and the alkaline phosphatase was also assayed biochemically as an internal control. Saos-2 cells display a much differentiated phenotype in all conditions, but, nonetheless, an increase of both markers was evidenced in overconfluent cultures (Table 1 ). Higher increases were recorded, as expected, in primary osteoblast counterparts (Table 1) .
As shown in Fig. 2 , a time-dependent increase of F-promoter activity was observed in Saos F-Luc cells. Luciferase peaked at over-confluence, with values twoto threefold higher than at sub-confluence. Notably, no luciferase activity over instrumental baseline was observed at over-confluence in cells carrying A-or B-promoter-driven reporter (data not shown).
PKCa activity is lower in over-confluent osteoblasts and inhibits the F promoter Changes in specific PKC activities have been shown to correlate with osteoblast differentiation (Migliaccio et al. 1998 , Fragale et al. 1999 , Lemonnier et al. 2001 , Longo et al. 2004 . To investigate whether any PKC modulations occurred in over-confluent Saos-2 cells with increased F-promoter activity, western blot analysis of two PKC iso-enzymes, PKCa and PKCd, was performed on sub-cellular soluble and membrane fractions from these cells. Translocation of these molecules to membrane fractions is indicative of enzyme activation, and we had already observed such translocation occured in a rat osteoblast-like cell system (Longo et al. 2004 ) during differentiation. The chosen isoforms are representative of the two diacyl-glyceroldependent PKC sub-classes.
Higher amounts of PKCa were detected in the membrane versus soluble fractions in sub-confluent cells (Fig. 3A, upper panel, lanes 1 and 2) . Conversely, most PKCa was in the soluble fraction at overconfluence (Fig. 3A , upper panel, lanes 5 and 6). Importantly, an analogous redistribution of the enzyme was observed also in primary osteoblasts (described below; see Fig. 10 ). PKCd was very poorly detectable, but, consistent with PKCa, maximal PKCd signal was seen in the soluble fractions from over-confluent cells (Fig. 3A , lower panel, lane 5).
We then asked whether PKC inactivation and F-promoter stimulation were two separated effects of over-confluence, which prompted us to test the hypothesis of an inhibitory PKC role on the promoter. For this purpose, the luciferase activity was evaluated in sub-confluent Saos F-Luc cells subjected to long-term treatment with phorbol 12-myristate 13-acetate (PMA), which triggers massive PKC protein downregulation. The treatment caused a nearly complete disappearance of both PKCa and PKCd enzymes, as expected, with some residual PKCa immunoreactivity only in the membrane fractions (Fig. 3A, lanes 3 and 4) . As hypothesized, F-promoter activity was increased in PMA-treated cells (Fig. 3B) and its upregulation was similar (2 . 0-2 . 5-fold over controls) to that observed in over-confluent cells. Figure 2 Confluence-induced stimulation of the F promoter. Equal cell numbers of Saos F-Luc cells were seeded on 60 mm dishes and allowed to grow to confluence (time 0) or for the indicated times thereafter. Cell lysates were assayed for their specific luciferase activity (RLU/mg). The graph depicts the results of more than three independent experiments performed in triplicate, expressed as mean valuesGS.E.M. *P!0 . 01 versus first column.
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Confluence-induced stimulation of the F promoter does not rely on AP-1 activation
The human ERa F promoter bears a putative AP-1 site, which is located upstream of, and very close to, a nonpalindromic, half estrogen-responsive element ( 1 ⁄ 2 ERE; Denger et al. 2001a,b) , very proximally to the transcription start site(s). AP-1 complexes are well known for being strongly PKC/PMA responsive, which led us to ask whether the observed PKC/PMA-dependent increase of F-promoter activity could be mediated by this putative AP-1 site, through regulation of its cognate trans-acting factors of the Jun family and their Fos-family co-activators.
To explore this possibility, we performed western blot analyses for Jun-and Fos-family factors on total protein extracts from sub-and over-confluent serum-starved Saos F-Luc cells, either PMA-treated or not treated (Fig. 4) . As a control for treatment efficacy, samples were also assayed for luciferase activity (Fig. 4 , values on top panel). As is well known, Jun-family members require N-terminal phosphorylation on two serine residues, ser63 and ser73, for their transcriptional activity (Caelles et al. 1997 , Behrens et al. 2000 . Out of the two, phosphoser63-Jun proteins were virtually undetectable in untreated cells, either sub-or overconfluent (Fig. 4, first panel, first and third lanes) . PMA treatment induced, as expected, a marked increase in this phosphorylation, both in sub-and over-confluent cells (Fig. 4, first panel, second and fourth lanes) . Ser73 phosphorylation, on the other hand, was insensitive to PMA at sub-confluence, reduced in untreated overconfluent cells (Fig. 4 , second panel; compare first and second lanes with third), and maximal in overconfluent PMA-treated counterparts (Fig. 4 , second panel, fourth lane). Total Jun-family protein expression did not vary significantly (Fig. 4, third panel) , while the expression of Fos-family co-activator factors was markedly reduced at over-confluence (Fig. 4, bottom panel) . Therefore, the total AP-1 activation (Jun-family N-terminal phosphorylation plus Fos-family expression) appeared minimal at over-confluence, a condition whereby maximal reporter activity (2 . 3-fold relative to controls) was observed. This rules out the 
c-Src kinase inhibition results in higher F-promoter activity
The non-receptor tyrosine kinase c-Src is known to play a pivotal role in osteoblast differentiation, and c-Srcnull primary osteoblasts appear to undergo 'premature' differentiation and show increased anabolism (Marzìa et al. 2000) . Furthermore, our previous data (Longo et al. 2004) point to tight functional interactions between c-Src and PKCs in over-confluent, differentiating osteoblasts. In view of this, we explored the possibility of a potential role for c-Src on F-promoter regulation by means of the widely used, specific c-Src kinase inhibitor, PP1. Specificity and efficacy of PP1 in our cell systems was ascertained by analyzing its effect(s) on sub-cellular distribution of Fyn enzyme and c-Src activation respectively. Fyn is closest to c-Src within its enzyme family, and in parental Saos-2 cells, this enzyme appears to be restricted to triton-soluble and triton-insoluble/ SDS-soluble fractions in basal conditions where many of its described targets are located. PP1 treatment was completely in influent on Fyn expression or distribution (Fig. 5A, left panels) . In contrast, c-Src underwent a dramatic inactivation, as shown by a great decrease of its activating auto-phosphorylation at the tyrosine residue Y416, and also its total protein expression was altered, with slightly higher levels in treated cells (Fig. 5A, right panels) .
Actively proliferating Saos F-Luc cells were subjected to long-term (24 h) treatment with either PMA, as previously, or PP1, or both compounds, and luciferase activity in cell lysates was measured. As shown in Fig. 5B , PP1 treatment resulted in a marked (2 . 5-to 3 . 5-fold) induction of the F promoter, higher than that induced by PMA. Notably, the effects of PP1 and PMA were not additive (Fig. 5, fourth column) .
c-Src enzyme inactivation causes F-promoter induction
c-Src activation is regulated by phosphorylation of the enzyme at two C-terminal tyrosine residues, the Y527 and the above-mentioned Y416. Phosphorylation of the former tyrosine keeps the enzyme in a 'closed' conformation, while full enzyme activity is achieved after phosphorylation at Y416. The PP1 interferes only indirectly with this latter process. In fact, it inhibits c-Src catalytic site, which, in turn, affects c-Src auto-phosphorylation, an activity which can vary greatly depending on cell context/conditions. To further assess whether Y416 dephosphorylation resulted in enhanced F-promoter activity, Saos F-Luc cells were subjected to long-term (24 h) treatment with increasing doses of the generic tyrosine-kinase inhibitor, 4-DMAP, administered alone or in combination with PP1, and luciferase activity in cell lysates was measured. As shown in Fig. 6A (upper panel), DMAP caused a dose-dependent decrease of p(Y416)Src, which correlated with a parallel increase the F-promoter activity (Fig. 6B , first three columns). In PP1-treated cells, promoter activity was already high regardless of DMAP treatment. Only the highest DMAP dose resulted in some further induction (Fig. 6B) . Notably, AP-1 activation, as indicated by p(ser63)Jun levels, was weak in all PP1-treated cells (Fig. 6A, (B) F-promoter induction by PP1. Equal cell numbers of Saos F-Luc cells were allowed to grow to 80% confluence, then were serum starved for 24 h and treated with PMA (10 K7 M), PP1 (2!10 K6 M) or vehicle, DMSO, as indicated, for further 24 h. Cell lysates were then assayed for their specific luciferase activity (RLU/mg). The graph depicts the results of more than three independent experiments performed in triplicate, expressed as mean valuesG contrast with high promoter activity, thus further showing substantial independence of the F promoter from AP-1 complexes.
Crosstalk between c-Src and PKC signals in Saos-2 cells
Over-confluence, DMAP, and PP1 all cause a decrease in c-Src activity, either arising from decreased levels of p(Y416)Src or from pure inhibition of kinase activity at the catalytic site of the enzyme. In all three cases, we observed an induction of the F promoter. As described previously, also PMA treatment stimulated the promoter, which prompted us to analyze its effect on c-Src. As shown in Fig. 7A , slightly lower levels of active c-Src, i.e., p(Y416)Src, were detected in soluble protein fractions from PMA-treated Saos-2 cells, with total c-Src unchanged. Therefore, importantly, lower c-Src activity is a common feature of all conditions in which the F promoter is stimulated.
Of some interest, as shown in Fig. 7B , a remarkable decrease of soluble PKCa (sPKCa) expression was also evidenced in Saos F-Luc cell exposed to PP1. However, total PKCa expression does not vary significantly in PP1-treated osteoblasts (Fig. 5A , upper right panel; data not shown), so that PKCa appears to undergo intracellular redistribution in Saos-2 cells following c-Src inhibition.
Activator function 1 of ERa modestly stimulates the F promoter, independent of c-Src
The human ERa E and F promoters have been shown to be capable of driving transcription of RNAs whose subsequent splicing can originate exon 1-devoid product(s). Translated into protein, the resulting ER lacks its N-terminal hormone-independent trans-activation domain, denominated activator function 1 (AF1). In order to show potential auto-regulatory mechanisms, we transfected Saos F-Luc cells with expression construct for both the human full-length and the exon 1-devoid receptor isoforms, to investigate whether either affected F-promoter activity. Saos-2 cells contain very little endogenous ERa protein(s), which makes these cells an ideal system for ERa reintroduction studies. As shown in Fig. 8 , the transfection of Saos F-Luc cells with increasing doses of full-length hERa expression vector resulted in a significant, although modest, dose-dependent increase in promoter activity in steroid-starved cultures. The maximal upregulation observed ranged around 1 . 5-fold luciferase activity relative to controls transfected with green fluorescent protein (GFP) only. The observed induction was not affected by treatment with either estradiol (Fig. 8A, last  column) or the pure anti-estrogen compound ICI (data not shown). In fact, both compounds invariably failed to affect reporter activity in a concentration range of 10
K7
-10 K9 M. In contrast with full-length ERa, exogenous AF1-devoid ERa exerted no effect on the reporter, either in the absence or in the presence of estradiol (Fig. 8B, last two columns) .
YAP/Runx2 pathway is irrelevant for F-promoter activity
The F promoter has three binding sites for the osteoblastspecific transcription factor, Runx2 (Lambertini et al. 2003) . Zaidi et al. (2004) have shown that Runx2-dependent transcription of osteocalcin can be inhibited by c-Src through Yes-interActing Protein (YAP). By means of transient transfections, we tested whether an analogous mechanism underlay F-promoter inhibition by c-Src. Overexpression in Saos F-Luc cells (verified by western blot analysis) of exogenous wild-type Runx2 and wild-type or dominant-negative (Yagi et al. 1999 ) YAP failed to affect reporter activity (data not shown). Similar negative results were observed co-expressing wild-type or dominantnegative YAP along with wild-type c-src (data not shown). Therefore, the YAP/Runx2 pathway appears irrelevant for F-promoter activity in our cell system. Relevance of the cis-acting sequences harbored by the F promoter is summarized in Fig. 9 .
Total ERa is upregulated in over-confluent primary osteoblasts
As stated previously, Saos-2 cells are characterized by very low levels of ERa protein(s). Therefore, we utilized primary osteoblasts to verify whether F-promoterstimulating treatments led to increased levels of endogenous receptor. ERa was evaluated both at the protein and at the mRNA level by western blot analysis and RT-PCR respectively.
For the former evaluation, various epitopes of the receptor were mapped, in view of ERa polymorphism at the protein level. As shown in Fig. 10A , the appearance of additional ERa immunosignals, corresponding to isoforms of lower (!66 kDa) molecular mass, was observed in cells subjected to F-promoter-inducing treatments (i.e. PMA, PP1, over-confluence). The most prominent additional signals were invariably found in over-confluent cells. In particular, antibodies recognizing broad regions of the receptor found a strong ERa signal After 24 h cells were steroid deprived, treated with estradiol (E 2 ) 5!10 K8 M or vehicle, DMSO, as indicated, and let to grow for further 24 h. Cell lysates were then assayed for their specific luciferase activity (RLU/mg). Graph depicts the results of three independent experiment performed in triplicate, expressed as mean valuesGS.E.M. *P!0 . 01 versus first column. (B) Equal numbers of Saos F-Luc cells were transfected with equal amounts of expression vectors for GFP (first and second column), or fulllength (66 kDa) hERa, or Exon 1-devoid (46 kDa) hERa, and split into replicate cultures at the end of transfection. After 24 h, cells were steroid deprived, treated with estradiol (E 2 ) 5!10 K8 M or vehicle, DMSO, as indicated, and let to grow for further 24 h. Cell lysates were then assayed for their specific luciferase activity (RLU/mg). Graph depicts the results of three independent experiment performed in triplicate, expressed as mean valuesG in over-confluent primary osteoblasts, corresponding to an isoform of w46 kDa, absent in proliferating, subconfluent controls (Fig. 10B, left panels) . Of note, this finding is in agreement with our previous observations in rat osteoblasts (Longo et al. 2004 , and unpublished observations).
To ascertain whether or not this additional ERa signal originated from differential splicing of (upregulated) F-promoter-derived ERa mRNA, we performed RT-PCR on RNAs from the same sub-and overconfluent cultures. The primer used bind cognate sequences in the exon 1F (upstream primer) and exon 4 of the murine gene, so that they lead to specific amplification of F-promoter-derived mRNA, and to PCR products of different lengths according to differential splicing of the first exons.
Despite low amplification efficiency (requiring two amplification rounds, described in Materials and methods), comparable levels of the same PCR product were obtained from sub-and over-confluent osteoblasts, and a shorter product only from the latter cells, which was absent in sub-confluent counterparts (Fig. 10B,  right panels) . Therefore, the additional ERa signal(s) observed, at the protein level, in over-confluent osteoblasts originate(s), at least in part, from differential splicing of F-promoter-specific mRNA.
Discussion
Estrogen sensitivity represents a requirement for skeletal homeostasis. Osteoblasts express ERa, and some of its activities could decline during differentiation (Migliaccio et al. 1993) , suggesting modulated ERa functions during the osteoblast lifespan. The mechanisms underlying the regulation of ERa activity in bone cells are at present not well understood. In this study, we identified a pathway, acting at the transcriptional level, that could explain modulated sensitivity to estrogens in osteoblasts.
The ERa gene generates a strikingly heterogeneous population of mRNAs. The various transcript variants appear to be distributed, to a certain degree, in a tissuespecific fashion (Flouriot et al. 1998 , Griffin et al. 1999 , and recent results shed light on their potential roles in the regulation of both ERa expression and, even more interestingly, ERa function (Flouriot et al. 1998 , Donaghue & Westley 1999 , Bollig & Miksicek 2000 , Brand et al. 2002 , Zaman et al. 2006 . To date, the least variability in ERa mRNA has been observed in primary osteoblasts, where the only detectable transcripts appear to originate exclusively from the activity of the F promoter of the gene (Flouriot et al. 1998 , Griffin et al. 1999 , located far upstream (w12 kb; Inoue et al. 2002) of the translation start codon(s). In human osteosarcoma lines, also the E promoter appears to be active, indicating a tumor-related, non-physiological switching-on of this other promoter in some osteoblast-derived cells (Inoue et al. 2002) . In yet other osteoblastic lines, such as the human MG-63 cells, the E promoter is not active, and all ERa transcription relies, as in primary osteoblasts, on the F promoter alone. All osteoblasts express relatively low levels of ERa protein and, consistently, appear to support Figure 10 ERa upregulation in primary osteoblasts upon F-promoter stimulation. (A) Primary osteoblasts from newborn mice were seeded at passage 1 and allowed to grow to 80% confluence (Sub) or to full over-confluence (Over). Cells were then serum starved for 24 h and treated with PMA (10 K7 M), PP1 (2!10 K6 M), or vehicle, DMSO, as indicated, for further 24 h. Cell soluble (detergent free) lysates were then subjected to western blot analysis for ERa with a C-terminusmapping antibody (MC20). The figure is representative of more than three independent experiments with similar results. (B) Left panels: primary osteoblasts from newborn mice were seeded at passage 1 and allowed to grow to 80% confluence (Sub) or to full over-confluence (Over), and then subjected to western blot analysis for ERa with an antibody mapping a broad region of the molecule (H184). The figure is representative of three independent experiments with similar results. Right panels: primary osteoblasts from newborn mice, treated as above, were subjected to RNA extraction and RT-PCR analysis for F-promoter-derived murine ERa mRNA. *Primers.
limited transcription of the gene in comparison with estrogen target tissues, such as mammary gland or endometrium. Nevertheless, the activity of non-F promoters (namely, the B promoter) has been found also in a cell line, the HeLa cells, with extremely low ERa transcription, strongly suggesting that the activity of the F promoter in osteoblasts should be regarded as specific rather than 'residual'. In the present study, the widely active A and B promoters have been shown to be completely inactive, upstream of a reporter gene, in a human osteosarcoma line, the Saos-2 cells. In contrast, F-promoter-driven reporters proved fully active, which suggests an active choice of promoter in this osteoblast context rather than other mechanisms, such as lineagedependent promoter silencing by methylation. In fact, such mechanism could not, presumably, affect the exogenous reporter genes.
In our transfected Saos-2 cells, we observed constant upregulation of the ERa F promoter following overconfluence, a condition whereby cell proliferation is apparently almost abolished and which stimulates cell differentiation in osteoblast-derived lines as it does in primary osteoblasts (Migliaccio et al. 1998 , Migliaccio & Marino 2003 ) and in our cell system (present study). At over-confluence, massive sub-cellular redistribution of a representative isoform of the PKC superfamily, PKCa, was observed in our cells, in agreement with previous findings correlating osteoblast differentiation, PKCs, and ERa function (Migliaccio et al. 1998 , Fragale et al. 1999 , Migliaccio & Marino 2003 . Membrane tethering is a prerequisite for full enzyme activity of PKC, and membrane-bound PKCa was greatly decreased in overconfluent cells, which suggested a possible inhibitory role exerted by PKCs on the F promoter. Consistent with this hypothesis, we could obtain reporter induction also in sub-confluent cells by means of the strong PKC downregulator PMA.
Incidentally, it has to be noted that we described some PKCa activation, rather than inactivation, in other over-confluent osteosarcoma-derived cells, namely ROS cells (of rat origin; Longo et al. 2004 ). However, Saos-2 cells display a more differentiated phenotype than ROS, with high levels of alkaline phosphatase activity and low proliferation rates also at low cell densities, as well as the ability to form mineralized nodules (Lin et al. 2004) .
The hERa F-promoter harbors, very close to the transcription start site(s), a putative cis-acting AP-1 site located upstream of, and near to, a half, nonpalindromic ERE sequence. Such configuration is shared by a number of known estrogen-responsive gene promoters (e.g. chicken ovalbumin; Griffin et al. 1999 , Bollig & Miksicek 2000 . AP-1 sites were previously known as TPA-responsive elements (TREs), with 'TPA' indicating the same compound as PMA, and sustained AP-1 activation is a well-known effect of PMA treatment. Since our promoter was stimulated by PMA and over-confluence at similar levels, we explored whether AP-1 activation could underlie both effects. PMA treatment caused a marked increase in Jun-familyactivating phosphorylations, as expected, but these phosphorylations were minimal at over-confluence and, moreover, Fos-family factors were markedly reduced in this latter condition. Therefore, AP-1 activation cannot explain higher F-promoter activity at over-confluence. In view of such findings, it can be hypothesized that the effect of PMA in proliferating cells could not be AP-1 mediated. This would be consistent with our observation that PMA treatment of over-confluent cells results in no further F-promoter induction (data not shown). In conclusion, the proximal putative AP-1 could be altogether irrelevant for the F promoter. This would also be consistent with its estrogen-insensitivity, implying that the AP-1-1 ⁄ 2 ERE configuration harbored by the promoter is inactive in an osteoblast context. Moreover, a role for these sequences in osteoblastic MG-63 cells is excluded by Lambertini et al. (2003) .
Beside the observed redistribution of PKC isoforms, decreased c-Src activity is a well-established feature of over-confluent, differentiated primary osteoblasts, as well as osteosarcoma cells (Longo et al. 2004) . Many data points at close interaction between c-Src and members of the PKC superfamily (Longo et al. 2004 , Takahashi et al. 2004 , and much consistent evidence indicates an important role for c-Src in osteoblast differentiation (Marzìa et al. 2000) . In view of these data, we explored the possibility of a c-Src role on F-promoter regulation. Specific enzyme inhibition (PP1) and/or inactivation (DMAP) caused remarkable reporter induction in sub-confluent cells, usually more pronounced than that obtained by PMA. Since both PP1 and PMA failed to further stimulate the reporter at over-confluence (data not shown), we can also conclude that F-promoter upregulation in this latter condition must rely on 'already' decreased c-Src/PKC activity. Which PKC isoforms (beside PKCa) exert an important upstream inhibition on the promoters remains to be elucidated.
The human ERa F-promoter harbors multiple putative consensus sequences for Runx2, a transcription factor, whose role is pivotal for osteoblast differentiation (Runx2-null mice's skeleton is entirely cartilaginous; Otto et al. 1997) . Of these sequences, only one has been shown, in the above-mentioned extensive study by Lambertini et al. (2003) , to be actually bound by Runx2 in the human preosteoblast cell-line MG-63. Runx2-dependent transcription can be inhibited by c-Src through YAP, a Src-family phosphorylation substrate, which acts as a Runx2-binding co-repressor in the nucleus (Zaidi et al. 2004 ). This mechanism acts, for instance, on one 'canonical' c-Src target gene, osteocalcin. By means of transient transfections, we demonstrated that no such mechanism affects the F promoter in our osteoblast-like cells. Few of the other known consensus sequences contained in the F promoter are found to be actually bound by MG-63 nuclear factors in the afore-mentioned study. Of these, the two most strongly bound sequences are not related to any known cognate transcription factor (shown in Fig. 9 ). PKC and c-Src-inhibitory effects on the F promoter could be exerted mainly on these cis-acting elements, through trans-acting factors yet to be unveiled. However, the role of cis-acting elements, such as SRYfactor-binding sequences remains to be elucidated.
Not surprisingly, a crosstalk between c-Src-and PKCdependent signals was evident in our system. PP1 treatment, for instance, clearly affected PKCa activity in Saos-2 cells. However, it is still noteworthy (although not surprising) that combined PMA/PP1 treatments did not stimulate the F promoter more than PP1 alone. Therefore, c-Src appears to act downstream of PKC, that is, PKC action could be partly due to modulation of c-Src. Consistent with this hypothesis, PKC downregulation by PMA resulted in less active (i.e. pY416-) c-Src. It has to be noted that this decrease in p(Y416)Src is not dramatic, which could explain the milder effect of PMA versus PP1 treatment on our reporter.
It is generally accepted that ERa activation following estrogen binding eventually leads to downregulation of the receptor in the strongly ERa-positive human breast cancer cell-line MCF-7 , in which all of the known promoters of the human ERa gene seem to be, at various degrees, active. In contrast, our experiments of transient hERa overexpression in Saos F-Luc cells resulted in a reproducible and dose dependent, although modest, upregulation of the reporter. Furthermore, such an effect was ligand independent, in that neither estradiol nor the pure anti-estrogen ICI, administered in lipid-deprived media, altered it. In view of such findings, we hypothesized that the observed stimulation could rely on the N-terminal, ligandindependent trans-activation domain of the receptor, denominated AF1 (activator function 1). Interestingly, there is evidence indicating that an AF1-devoid ERa isoform naturally exists in the cell as a specific product (along with the full-length receptor) of F-and E-promoter-driven transcription (Flouriot et al. 1998 , Brand et al. 2002 . Such isoform can competitively inhibit AF1-dependent properties of the receptor , presumably through heterodimerization with the full-length form. Our reporter gene was altogether insensitive to AF1-devoid ERa, consistent with our hypothesis. In other words, the F promoter appears, to some extent, AF1 dependent. Whether fulllength ERa trans-activates directly the F promoter remains unclear. In any case, it is interesting to note that massive overexpression of the receptor resulted in much lower reporter induction than did c-Src inhibition, which again underscores the importance of c-Src for F-promoter regulation. Therefore, the AF1 can be hypothesized to exert a fine-tuning role, rather than actual control, on the F promoter.
To gain insight into the biological significance of F-promoter induction by differentiation stimuli (i.e. confluence, c-Src inactivation, etc.), we analyzed endogenous ERa expression in mouse primary osteoblasts cultured at over-confluence. In these cells, we invariably found increased ERa immunosignal, which supports the idea that the same pathway(s) as in our osteosarcoma cells is active in all osteoblast lineages. Importantly, the higher ERa signal observed was due to shorter proteins not observed in proliferating counterparts. The most prominent of these was of apparent molecular mass of 46 kDa, consistent with an exon 1-spliced, AF1-devoid protein. Moreover, RT-PCR showed the actual switch-on, in over-confluent osteoblasts, of an additional splicing eliminating a proximal (i.e. 5 0 ) exon on F-promoter-derived mRNA. Taken together, such findings strongly suggest that F-promoter stimulation might produce N-terminaltruncated protein(s) and receptor heterodimerization, with 'dominant-negative' effects. This would eventually lead to notable changes in ERa-transcriptional activity in the cell, and perhaps to a tuning of ERa gene itself at prolonged over-confluence (i.e. terminal differentiation), due to its AF1-dependence.
In summary, we have shown differentiation-dependent modulation, under strong c-Src/PKC control, of ERa F-promoter activity in osteoblasts, which might result in modulated ratios among ERa isoforms. We believe that further elucidation of the underlying mechanisms will contribute to a better understanding of estrogen physiology in bone tissue.
